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The Mechanism of Hydrogen Embrittlement on the
Basis of the Model of Interaction Between











































due to the inverse pile-up of x./a=1(r' 
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dislocations. From this analytical a=1.0,nm XF 
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results, under the corrosive condition x* crack 
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occurs depending on the site of Fig.1. Physical model of the mechanical interaction between 
dislocation groups and hydrogen around a crack tip hydrogen due to the mechanical 
interaction between dislocation groups and hydrogen. Furthermore, this result shows that sub-critical 
cleavage fracture for the ductile material under conosive environment conditions is induced by 
competitive mechanical interaction between hydrogen and dislocation groups around a crack tip. 
Secondly, one-dimensional analyses of the mechanical interaction between moving dislocations and 
difftisive hydrogen were performed to investigate the effect of hydrogen difftisive velocity on the inverse 
pile-up of dislocations. Considering the effect of hydrogen movement on the pile-up formation of 
dislocations, there is a critical region of hydrogen velocity which induces typical inverse pile-up of 
dislocations, which results in facet like fracture. Furthermore, the value of the maximum dislocation 
density fdmax under this velocity is in good agreement with results of the analysis with moving hydrogen 
and locked hydrogen. The mechanical interaction between dislocations and hydrogen was very small 
except in the critical region of hydrogen velocity, and the typical inverse pile-up of dislocations which 
results in facet like transgranular cracking does not occur. 
Finally, two-dimensional analyses (Fig.2) as an actual physical model of the mechanical interaction 
between moving dislocations and locked hydrogen were conducted and results obtained by the analyses 
were compared with those obtained by the previous one-dimensional analyses, and the following results 
were obtained. The maximum dislocation density obtained by two-dimensional physical model is 
quantitatively in good agreement with the result obtained by one dimensional physical model with locked 
hydrogen. By the analysis of moving hydrogen, it was found that when the diffusive rate of hydrogen take 
a specified value which is at the state of CT :~ 
T =T ~e competitive relationship with that of )!P (T ~l ~~ 
dislocations, the maximum dislocation density t ~~ Hydrogen Atom ~~ 
fd*a* is in good agreement. with these with 
 r･X crack lrl4 ~:~:::~:::~$* ---------"-"--'-"-"' -"' - ' h' ~~~~:~::~'E"""""""""""""" locked dislocation based on one and " ""'--"""""'""'~""" 
Xh J~~ two-dimensional analyses. When the diffusive 
rate of hydrogen becomes higher or lower. S (Dislocation source) cr 
fdmax rapidly decreases and saturates to that Fig.2. Two-dimensional physical model of mechanical 
interaction between dislocations and hydrogen around a 
without hydrogen. crack tip 
Chapter 3 s The mechanism of hydrogen embrittlement 
On the basis of previous analytical results, the unified concept on the occurrence mechanism of 
hydrogen embrittlement was discussed which shows under what conditions the proposed mechanism on the 
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mechanical interaction between moving dislocation groups and hydrogen and the mechanism of hydrogen 
embrittlement due to hydrogen concentration at the site of maximum value of ap becomes dominant. From 
the results, whether the fracture under corrosive condition is dominated by anodic dissolution mechanism, 
facet like fracture mechanism and hydrogen embrittlement due to hydrogen diffusion and concentration at 
the site of the maximum value of op or not will depend on competitive relationship between the mobility of 
dislocation flow and hydrogen difftision. Furthermore, conceming the mechanical interaction between 
dislocations and hydrogen, the law of mechanical similarity exists in the mechanical interaction such as 
stress fluctuation and disturbance of stress distribution between single dislocation and hydrogen and that 
between dislocation groups and hydrogen obtained by the equation which includes non linear interactive 
term, however there are 104 times difference in scale between them, that is, ranging from nano to mezzo 
scale. The nearest effective mechanical factor dominates mechanical behavior of materials as an essential 
qualitative effective factor. On the other hand, other surrounded mechanical factors affect mechanical 
behaviors of materials as quantitative effective factors in the manner of scale effect and mechanical 
similarity is held independent of the existence of these surrounded mechanical factors. Finding of these 








dislocation pile-up intensity factor A and power 
coefficient value of the singularity of dislocation 
density n were defined. The effect of stress wave 
form on M was found to concem the feasibility of 
the occurrence of facet like fracture due to 
dislocation pile-up under Fast-Slow stress wave 
fonn condition (Fig.3). Finally, the typical effect of 
applied stress wave form on the number of 
Chapter 4 : The Analysis of the interaction between moving dislocations and locked hydrogen 
around a crack tip under cyc]ic loading condition 
The analyses of the mechanical interaction between dynamic dislocations and hydrogen around a crack 
tip under cyclic loading condition were conducted to clarify the effect of stress wave form under cyclic 
loading conditions. By the analyses, the dynamic behaviors of dislocations emitted from a stressed source 
around a crack tip during the loading and unloading process were clarified under cyclic loading condition. 
These results showed after the first load cycle, a new dislocation was emitted from a stressed source when 
 the applied stress takes about the 90% value of the stress amplitude (1;p.*k-1; ･ - ). Furthermore, the stress ~'"*~~~ 
of dislocation emission gradually increases with increase in the number of applied stress cycles. And the 
typical pile-up of dislocations occurs at the site of hydrogen similar as the results under monotonous 
applied loading condition. On the other hand, the back flow of trailing dislocation toward the crack tip 
occurs under Slow-Fast stress wave condition which is different from that under Fast-Slow stress wave 
form conditions. And conceming the concentration 
of dislocations at t e site of 1,0 






















. The effect of stress wave form on dislocation 
pile-up intensity factorA 
dislocations emitted from a stressed source around a crack tip did not exist for materials with lower yield 
stress (ductile materials). However, the effect of applied stress wave form on the number of dislocation 
emission becomes remarkable for materials with higher yield stress. These results show the effect of stress 
wave form on anodic dissolution was not so remarkable for materials with lower value of 1;o' (ductile 
materials), however this effect becomes remarkable with increase in the resistant stress of dislocation 
motion, 1:o which corresponds to the yield stress. 
Chapter 5 : The characteristics of corrosion fatigue crack growth rate (CFCGR) for 2.25CILIMo steel 
related to the hydrogen embrittlement 
Corrosion fatigue tests for 2.25Cr-1Mo steel were conducted to investigate the effect of temperature 
and stress wave forms on the characteristics of conosion fatigue crack growth rate (CFCGR). The effect. of 
temperature on corrosion fatigue crack growth was investigated based on environmental acceleration factor 
concept and fracture stuface observation by using SEM. These results show that under the temperature of 
80~C condition, the fracture is dominated by anodic dissolution, under the temperature of 4~C condition, 
the fracture will be domjnated by hydrogen embrittlement and under the temperature of 20~C condition, 
the fracture is dominated by transgranular facet like fracture due to high dislocation density caused by the 
mechanical interaction between dislocations and hydrogen. Furthermore, the effect of applied stress wave 
form condition on corrosion fatigue crack growth was investigated based on environmental acceleration 
factor concept and fracture surface observation by using laser scanning electron microscope. These results 
show that under the conditions of Fast-Slow stress wave form and the temperature of 20~C, hydrogen 
embrittlement mechanism is promoted and under the condition of Slow-Fast stress wave form and the 








Chapter 6 : Correlation between experimental characteristics of corrosion fatigue crack growth rate and 
hydrogen elnbrittlement 
The effects of applied stress wave form and yield stress on the experimental characteristics of corrosion 
fatigue crack growth rate (CFCGR) were related to the mechanisms of anodic dissolution, hydrogen 
embrittlement and facet like fracture due to the mechanical interaction between dislocations and hydrogen. 
The effect of applied stress wave fonn and yield stress on these mechanism were clarified and they are 
found to be in good agreement with experimental characteristics of CFCGR. The mechanisms of 
dissolution, facet like fracture and hydrogen embrittlement mechanism are competitively caused under 
corrosive condition. Furthermore, for the materials with intermidiate level of yield stress, since these three 
mechanisms are found to be at the state of competitive relathinship, and the mechanisms of facet like 
fracture also becomes one of dominant mechanism. 
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Chapter 7 : Conclusions 
The concluding remarks were given. 
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 論文審査結果の要旨
 腐食環境下での延性材料に見られる擬劈開破壊発現機構は理論的に解明されていないばかりでなく,
 いかなる条件の時に,本機構および腐食溶解機構,水素脆化機構が破壊の支配的因子になるかという問
 題も明らかにされていない.著者は,き裂先端から射出された転位群と腐食溶解反応等によって生成さ
 れた水素との力学的相互作用解析を行い,さらにこの問題と関連した腐食疲労実験を行うことによって
 本問題を明らかにしている.本論文はこれらの成果をまとめたものであり,全編7章よりなる.
 第1章は緒論であり,本研究の目的と意義について述べている.
 第2章では,き裂先端近傍における転位群と水素の相互作用一次元物理モデルを用いた解析を行い,
 水素の存在によって転位群の顕著な逆集積が生じ,延性材料においても擬劈開粒内割れを生じうること
 を定量的に示している.また水素の拡散速度と転位の運動速度が競合的関係にある場合にのみ,転位群
 の顕著な逆集積が生じることを示している,さらに,き裂先端物理モデルとして二次元物理モデルに基
 づく解析を行い,両者の結果を比較することにより,簡便な一次元物理モデルを用いた解析結果の正当
 性も示している,
 第3章では,第2章で提示した物理モデルに基づいて,金属の応力腐食割れ機構である水素脆化機構,
 腐食溶解機構および擬劈開破壊機構の発現条件が,材料の降伏応力に影響される水素の拡散速度と転位
 の運動速度の相対関係に支配され,本モデルによって統一的に導かれることを示している.第2および
 第3章の結果は応力腐食割れ発現機構の統一理論として工学的に有益な知見である.
 第4章では,繰り返し応力条件下での水素と転位群の力学的相互作用に関する動力学的解析を行い,
 転位群の集積度を定量化する係数として転位集積度係数を提案し,この係数を用いて擬劈開破壊敏感性
 に及ぼす応力負荷波形の効果を明らかにしている.その結果,Fast-Slow応力波形条件下ではSlow-Fas重
 応力波形条件下に比べて転位の逆集積が顕著となり,擬劈開破壊が支配的に生じることが示されている.
 また腐食溶解反応の活性点と関連した射出転位数に及ぼす応力負荷波形の効果については,降伏応力の
 商い材料においてSlow-Fast応力波形条件下で多くの転位が射出され,腐食溶解反応が優先的に生じる
 ことが示されている.
 第5章では,第4章の実験的検証として降伏応力(σy、妬87MPa)を有する圧力容器鋼材225Cr-1Mo鋼を
 用いて腐食疲労き裂成長試験を行い,き裂成長速度に及ぼす温度と応力負荷波形の影響について調べて
 いる,本章では,温度の上昇に伴い,破壊形態が水素脆化機構,擬劈開破壊機構そして腐食溶解機構へと
 遷移することとFast-Slow応力負荷波形では水素脆化機構が,またSlow-Fast応力負荷波形では腐食溶解
 機構の発現が助長されることを示している.本結果は,前章までで得られた解析結果と定性的に一致を
 示し,解析モデルの妥当性を示している.
 第6章では,第4,5章までの結果から,腐食環境下における水素脆化機構,擬劈開破壊機構および
 腐食溶解機構に及ぼす影響因子として,材料の降伏応力に加えて負荷応力波形効果という力学的効果も
 影響することを示している.また本結果を基にして腐食環境下におけるき裂成長の支配機構を予測する
 ことが可能となることを示している,
 第4,第5および第6章の結果は材料物性と力学負荷効果を融合した腐食疲労き裂成長発現機構の
 統一理論として工学的に有用な知見である.
 第7章は結論である.
 以上要するに本論文は,応力腐食割れおよび腐食疲労条件下における水素脆化機構に及ぼす影響因
 子を特定するとともに,その破壊機構の特定を可能にしたものである.ここで得られた成果は,プラン
 ト等,機器構造物の安全性,信頼性の向上に裨益するものであり,機械工学の発展に寄与するところが
 少なくない.
 よって,本論文は博士(工学)の学位論文として合格と認める.
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